The epithelium of the mammary gland exists in a highly dynamic state, undergoing dramatic morphogenetic changes during puberty, pregnancy, lactation, and regression. The recent identification of stem and progenitor populations in mouse and human mammary tissue has provided evidence that the mammary epithelium is organized in a hierarchical manner. Characterization of these normal epithelial subtypes is an important step toward understanding which cells are predisposed to oncogenesis. This review summarizes progress in the field toward defining constituent cells and key molecular regulators of the mammary epithelial hierarchy. Potential relationships between normal epithelial populations and breast tumor subtypes are discussed, with implications for understanding the cellular etiology underpinning breast tumor heterogeneity.
Breast cancer is a very heterogeneous disease at both the histological and molecular levels. At least six distinct subtypes have been described on the basis of gene expression profiling, with the most important determinants of these subtypes being the presence or absence of expression of the estrogen receptor (ER) or the progesterone receptor (PgR), or the amplification/overexpression of the HER2/ERBB2 locus (Perou et al. 2000; Sorlie et al. 2001; Sotiriou et al. 2003; Herschkowitz et al. 2007) . Despite the ability of these subtypes to predict outcome, patient response to chemotherapy or targeted therapy remains variable. The prevailing concept in the field has been that these different subtypes originate in distinct breast epithelial cells that serve as the ''cell of origin.'' A better understanding of breast tumor heterogeneity and the nature of tumorpropagating cells requires delineation of the mammary epithelial subtypes that reside within normal human breast tissue. Eventual lineage tracing of specific mammary epithelial cells will be required to definitively identify ''cells of origin'' for the different tumor types.
Analogous to the paradigm established by the hematopoietic compartment, there is increasing evidence for the existence of a differentiation hierarchy in the adult mammary gland. Mammary stem cells (MaSCs) are presumed to be important for both organ development and maintaining tissue homeostasis. These cells give rise to mature epithelium of either the luminal or myoepithelial lineage via a series of lineage-restricted intermediates. The luminal lineage can be further subdivided into ductal and alveolar luminal cells that line the ducts and constitute the alveolar units that arise during pregnancy, respectively. In contrast, myoepithelial cells are specialized, contractile cells located at the basal surface of the epithelium adjacent to the basement membrane (Fig. 1) . The profound expansion of mammary epithelium that occurs during puberty and pregnancy further implicates a stem-like cell with remarkable regenerative capability.
It is notable that there are morphological differences between mouse and human mammary tissue. The human breast is characterized by a branching network of ducts that end in clusters of small ductules that constitute the terminal ductal lobular units (TDLUs), with the vast majority of breast cancers arising within the TDLUs (Fig.  2) . In contrast, the mouse mammary epithelial tree does not possess TDLUs, but comprises alveolar buds that are formed during each estrous cycle. Ductal branching and elongation occur from prominent terminal end buds (TEBs) in the mammary gland during puberty (Fig. 1) . Furthermore, the mouse mammary gland has less fibrous connective tissue than the human breast, but significantly more adipocytes. Despite differences in the architecture of the ductal tree between species, emerging evidence points to striking parallels in their cellular hierarchies (described below). Significant insights into breast cancer have also come from genetically engineered mouse models of mammary tumorigenesis, further emphasizing functional similarities between mouse and human mammary tissue. the last 60 years has allowed the recent prospective isolation of MaSCs. The in vivo transplantation method pioneered by De Ome et al. (1959) represents the ''goldstandard'' assay for mammary gland reconstitution in mice. This assay involves de-epithelialization of the prepubertal mammary gland, resulting in a cleared fat pad into which donor explants or cells can be transplanted. The nonepithelial or stromal elements in the mammary gland comprise fibroblasts, endothelial cells, macrophages, and adipocytes, and are collectively referred to as the mammary fat pad (Neville et al. 1998) .
Classical transplantation studies in the mouse revealed that mammary epithelial outgrowths could be generated in cleared mammary fat pads implanted with either explants (small fragments) or cell suspensions (Hoshino and Gardner 1967; Daniel et al. 1968; Smith 1996) . Explants taken from different regions of the mammary gland were demonstrated to reconstitute fully functional outgrowths, indicating the presence of repopulating cells throughout the ductal epithelial tree. Furthermore, these could be serially transplanted for up to seven generations before the onset of senescence. Precursor cells were also shown to exist throughout the life span of the mammary gland, but neither the reproductive history nor developmental state of the gland had significant impact on the longevity of the mammary transplants (Daniel and Young 1971; Smith and Medina 1988) . The clonality of mammary outgrowths was demonstrated using MMTVinfected donor tissue fragments, suggesting that a single stem cell was capable of repopulating the entire mammary epithelium (Kordon and Smith 1998) .
Delineation of mouse MaSCs

Prospective isolation of the mouse MaSC
One of the primary challenges in developing a rigorous assay for MaSC activity has been the requirement to dissociate solid tissue into a suspension of single cells for fractionation studies. Epithelial cells in solid organs are tightly associated with one another and/or the surrounding extracellular matrix, and depend on these interactions for their normal function. Nevertheless, using a series of minimal enzymatic digestions, it has been possible to achieve viable single-cell suspensions that can then be used for flow cytometry to sort cells on the basis of cell surface marker expression Sleeman et al. 2006; Stingl et al. 2006) . Notably, the focus has been on freshly dissociated mammary tissue to avoid the potential deleterious effects associated with the in vitro culture of mammary epithelial cells. Thus far, combinations of cell surface markers have been applied for the isolation of discrete epithelial subpopulations (markers are shown in Fig. 3 ; Table 1 ). As additional markers are discovered to allow further purification, it is anticipated that they, too, will be required in a combinatorial manner. Although there is a strong consensus in the described cell surface phenotypes of stem and progenitor cells by different groups (see below), some markers, such as CD24, have been reported differently due to the use of antibodies conjugated to varying fluorochromes. Other variabilities in FACS profiles have underscored the importance of antibody titration and the use of controls for establishing robust gates.
The availability of an organ-specific in vivo reconstitution assay has allowed the evaluation of mammary repopulating activity in defined cell subsets when transplanted at limiting dilution into cleared fat 
CD24
+ Sca1 À subset (referred to as MaSCenriched) and can generate extensive ductal outgrowths upon transplantation Sleeman et al. 2006; Stingl et al. 2006) . The formation of milkproducing alveolar units during pregnancy underscores the multidifferentiative capability of these stem cells. The regenerated outgrowths were shown to comprise daughter cells with the same in vivo repopulating activity as the original transplanted stem cell. Thus, MaSCs display the defining stem cell characteristics of in vivo multilineage differentiation and self-renewal. Moreover, a single genetically tagged MaSC could regenerate an entire mammary epithelial tree , thus demonstrating that an epithelial organ could be reconstituted from a single stem cell. Compatible with these data, mixing experiments using limiting numbers of freshly isolated genetically tagged cells and wild-type cells in a 1:1 ratio produced few chimeric structures Stingl et al. 2006) . Previous studies using large numbers of cells and/or cultured cells have indicated that mammary epithelial progenitor cells can form chimeric structures in a polyclonal manner (Smith 1996; Brisken et al. 1998; Boulanger et al. 2005) . Nonetheless, cooperation between different epithelial cells seems almost implicit, as asymmetric division of a single transplanted stem cell would yield such progeny.
It is important to note that the CD49f hi CD29 hi CD24 + Sca1 À subset comprises a small pool of MaSCs (<5%). This heterogeneous subset also contains mature myoepithelial cells and other likely intermediates yet to be identified, such as a bipotential progenitor or committed basal progenitor cell. Estimates of the number of MaSCs in the steady-state mammary gland have varied widely (1000-14,000 MaSCs per young adult gland) due to loss of cells during the dissociation procedure. MaSCs can be distinguished from luminal epithelium by lower (but not negative) levels of CD24 expression (Sleeman et al. 2006) . Although cells expressing the highest level of CD49f were shown to be enriched for mammary repopulating capacity, it has proven difficult to segregate myoepithelial and stem cells, as they exhibit a common cell surface phenotype and gene expression profile . The similarities between stem and myoepithelial cells may in part reflect their shared basal position.
Given that most MaSCs express high levels of both a6 (CD49f) and b1 (CD29) integrins , it is tempting to speculate that the a6/b1 heterodimeric complex has an important role in anchoring these stem cells to the extracellular matrix. In the mammary gland, b1 integrin plays an essential role in stem cell maintenance, as well as governing the balance of the basal and luminal lineages (Taddei et al. 2008) . Notably, b1 integrins in Drosophila melanogaster gonadal stem cells play a role in the stem cell niche and organization of the extracellular matrix (Tanentzapf et al. 2007 ). The down-regulation of b1 and a6 integrins that occurs during mammary tumor progression suggests that disengagement of MaSCs and/or myoepithelial cells from their normal microenvironment may be an integral part of the tumorigenic process (Lin et al. 2003; Vaillant et al. 2008) .
Mouse MaSCs appear to be cycling
Although the majority of MaSCs in the mouse are cycling , there is enrichment of label-retaining cells (LRCs) in the MaSC-enriched fraction , suggesting a pool of quiescent stem cells. Such a pool may be activated during puberty or pregnancy to allow epithelial cell expansion. Long-term label-retaining epithelial cells that divide asymmetrically and retain their template DNA strands have also been described (Smith 2005 distinct from the mouse MaSC-enriched subset defined by in vivo repopulation, but may represent a short-term repopulating cell, reminiscent of that occurring in the hematopoietic compartment. Furthermore, the parityidentified mammary epithelial cell (PI-MEC) population ) that persists following involution may correspond to a short-term repopulating cell. Serial transplantation assays using uncultured cells will be essential to address a potential hierarchy of stem cells with differing self-renewing capabilities.
Mammary epithelium and pregnancy
A central question in the mammary gland and breast cancer fields is how pregnancy elicits permanent changes in the mammary gland and by what mechanism an early pregnancy decreases the risk of breast cancer (MacMahon et al. 1970 ). While it is recognized that the post-pregnancy mammary gland morphologically resembles a virgin gland, permanent alterations in gene expression patterns have been demonstrated (Russo et al. 2005) . Recent findings using mice have suggested that an early pregnancy is associated with a small decrease in MaSC number, although their capacity to repopulate the fat pad was unaffected (Siwko et al. 2008) . A later pregnancy was shown to have no effect on the MaSC pool (Britt et al. 2009) . It therefore will be important to recapitulate these studies by direct comparison of an early versus late pregnancy using purified cellular subsets. Although the stroma may predominantly mediate the protective effects of an early pregnancy on breast cancer (Abrams et al. 1998) , the developmental state of the epithelium may also be altered (perhaps via epigenetic modifications), thus permanently affecting the response of these cells to carcinogens throughout life. While multiparity reduces the long-term risk of breast cancer, there is an increased short-term risk of developing cancer for a few years following pregnancy (Lambe et al. 1994 ). The increased risk may reflect expansion of a stem or transit-amplifying pool that is predisposed to targeting by oncogenic events. In addition, the microenvironment is thought to play an instrumental role in promoting tumorigenesis after remodeling of the mammary gland to its prepregnant state (Schedin 2006 The ubiquitous ALDH family of enzymes catalyzes the oxidation of aliphatic and aromatic aldehydes to carboxylic acids. ALDH1 has a role in the conversion of retinol to retinoic acid. MUC-1 CD227 Mucin1, a large cell surface glycoprotein expressed by most epithelial cells and some hematopoietic cells. Role in cell-cell and cell-substrate adhesion. CD24 HSA See above. CD10 CALLA A membrane-associated neutral endopeptidase, also known as enkephalinase. Expressed on a variety of normal and neoplastic cell types, including fibroblasts, granulocytes, and some T-cell leukemias. c-KIT CD117 Cell surface glycoprotein with tyrosine kinase activity. Receptor for steel factor or stem cell factor. Expressed on specific hematopoietic cell subsets.
Prospective isolation of human MaSCs
In human breast tissue, the observation of identical chromosomal alterations in contiguous regions of human breast epithelium has implied the presence of MaSCs (Deng et al. 1996; Lakhani et al. 1996; Tsai et al. 1996) . The persistence of a long-lived cell in breast tissue is also consistent with the increased risk of breast cancer associated with ionizing radiation exposure in teenage women that is not evident for many years following exposure (Land and McGregor 1979) . Moreover, extensive in vitro clonogenic assays using human breast epithelial cells have provided support for a hierarchical model of human breast epithelium (Stingl et al. 2001; Gudjonsson et al. 2002; Dontu et al. 2003; Villadsen et al. 2007 ). Only recently, however, has it been possible to explore the in vivo regenerative potential of epithelial cells in human mammary tissue. In important studies preceding isolation of the human MaSC, Kuperwasser et al. (2004) ''humanized'' the mammary fat pads of immunocompromised NOD/SCID mice by preinjection of immortalized human fibroblasts to generate a stromal environment more characteristic of human breast tissue. Using this assay, Ginestier et al. (2007) identified a subpopulation of cells with stem/progenitor cell activity that exhibited high aldehyde dehydrogenase 1 (ALDH1) activity. The ALDH1 + epithelial cell subset was shown to be enriched for cells that could generate mammary epithelial structures in vivo, but their self-renewal properties were not defined. Curiously, the ALDH1 + cells were restricted to the luminal epithelial rather than the basal layer, and did not express typical luminal or myoepithelial lineage markers.
A subset of human breast cells defined by high expression of CD49f and negligible (or low) expression of the epithelial cell adhesion molecule EpCAM has been demonstrated recently to have mammary regenerative capacity in vivo, using either an orthotopic or a nonorthotopic transplantation site (Eirew et al. 2008; Lim et al. 2009 ). Coimplantation of epithelial subsets with immortalized human breast fibroblasts into the cleared fat pads of NOD/SCID/IL2Rg À/À recipient mice revealed that only the CD49f hi EpCAM À subpopulation had regenerative and self-renewal capacity, although the latter proved to be limited (Lim et al. 2009 ). The regenerated human mammary structures contained lobular regions reminiscent of TDLUs that characterize normal breast tissue and were capable of terminal differentiation. The low repopulating frequency observed presumably reflects inadequate humanization of this orthotopic site, despite the use of supporting human mammary fibroblasts and estrogen implants. Suboptimal humanization also likely accounts for the low rate of engraftment of human breast tumors in mice. Although serial transplantation remains a major challenge for human stem cell work, improvement of the fat pad microenvironment may allow more definitive proof of the self-renewing ability of human MaSCs. The importance of the host strain and microenvironment in xenotransplantation assays is exemplified by recent work showing that the tumor-initiating capability of melanoma cells could be increased by >100,000-fold using combined modifications (Quintana et al. 2008) . The inclusion of Matrigel, however, for assaying normal stem cell function may not always be optimal, since the extracellular matrix can lead to morphological changes (Bissell and Labarge 2005) .
To circumvent some of the inherent challenges associated with implantation into the mammary fat pad, Eaves and colleagues (Eirew et al. 2008 ) developed an assay that allows quantitation of human MaSCs under the highly vascular renal subcapsule. This assay extended on previous observations that human mammary tissue could be maintained after implantation into this site using irradiated mouse fibroblasts (Parmar et al. 2002) . Suspension of CD49f
hi EpCAM lo cells in collagen gels and subsequent xenografting under the renal capsule revealed their mammary reconstituting capability and allowed quantification of MaSCs in reduction mammoplasty tissue, with estimates of one MaSC per 10 3 -10 4 total mammary epithelial cells. Pertinently, this system provides a readout for self-renewal and has the potential for assessing the sensitivity of MaSCs to cytokines and inhibitors. In another study (Villadsen et al. 2007) , the phenotype of the subset (CD49f hi EpCAM + ) that generated budding TDLU-like structures in vitro differs from that of the MaSC subset defined in vivo (CD49f hi EpCAM lo ), for reasons that remain unclear at this stage.
Identification of luminal progenitor populations in mammary epithelium
Progenitor cells committed to a luminal cell fate have been identified in the mouse mammary gland on the basis of CD61 (b3 integrin) expression, and negligible or low levels of CD133 (prominin-1) and Sca1 (Asselin-Labat et al. 2007; Sleeman et al. 2007 ). CD61 and CD133 expression do not resolve identical luminal subsets, but the CD61
lo CD24 + subset may be contained within the CD133 À CD24 + Sca1 À population (Kendrick et al. 2008) . CD61 marks ;30% of ductal luminal cells in the virgin mammary gland (Asselin-Labat et al. 2007 ). Notably, these progenitor cells are restricted to a luminal cell fate and do not have any regenerative capacity in vivo. Differentiation of mouse epithelium along the luminal lineage is accompanied by a profound decrease in CD61 levels and increased expression of CD133 and Sca1, yielding CD61 À CD133 + Sca1 + mature luminal cells. While a substantial fraction of mature ductal cells express ERa, only a small fraction (<10%) of mouse luminal progenitors are ERa-positive.
Functionally distinct luminal progenitor cells are likely to reside within mammary tissue. CD61 appears to delineate a common luminal-restricted progenitor that can commit to either a ductal or an alveolar cell fate, dependent on the hormonal milieu. This notion is largely based on findings from analysis of Gata-3-deficient mammary glands (see below). The proportion of CD61 + progenitor cells is highest during puberty, concomitant with extensive ductal branching and elongation, indicating that these cells correspond to ductal progenitors. Their level declines markedly during mid-late pregnancy, when alveolar differentiation occurs. It seems probable that a discrete population of alveolar-restricted progenitors also exists, and these would be anticipated to expand during the early phase of pregnancy. Likely candidates include the CD24 + Sca1 À subset, which expresses milk protein but not ERa genes (Sleeman et al. 2007) , and the recently defined Sca1 À CD49b + ER À luminal progenitor cell ). The ''mature'' luminal cell subset (CD29 lo CD24 + CD61 À ) also contains a small fraction of clonogenic cells that may have alveolar progenitor activity (Asselin-Labat et al. 2007) .
In human breast tissue, both unipotent and bipotent progenitors have been identified. Bipotent progenitor and stem cells display a phenotype of EpCAM
, but cannot be distinguished in these cell-based assays. Through serial passaging, myoepithelial-restricted progenitor cells were shown to lie downstream from bipotent progenitors (Stingl et al. 2001 ). On the other hand, luminal-restricted progenitors exhibit an EpCAM + CD49f
À phenotype, with abundant expression of EpCAM also occurring on mature luminal epithelial cells (Stingl et al. 2001; Eirew et al. 2008; Raouf et al. 2008; Lim et al. 2009 ). These committed luminal progenitor cells are analogous to the CD61 + CD29 lo CD24
+ cells delineated in the mouse mammary gland. Interestingly, EpCAM may convey a proliferative function on these cells, since it can be activated by release of its intracellular domain, which then translocates to the nucleus and enhances proliferation via the Wnt signaling pathway (Maetzel et al. 2009 ). In addition to luminal progenitor cells expressing typical luminal-specific cytokeratins, they contain a substantial population of cytokeratin 5/6-positive cells (Lim et al. 2009 ). The latter finding indicates that cytokeratin 5/6 is not a specific marker of the basal cell lineage, and suggests that breast cancers expressing these cytokeratins could have perturbations in either basal or immature luminal cells. KIT has emerged recently as a defining marker of committed luminal progenitor cells in human tissue and could be used for further fractionation studies (Lim et al. 2009 ). CD44, a molecule of great interest in the context of breast cancer stem cells, has been used to fractionate cells that express putative stem cell markers and have an activated transforming growth factor b (TGFb) pathway (Shipitsin et al. 2007 ). Recent studies, however, have revealed that CD44 is expressed on the majority of cells in both the basal and luminal lineages .
Parallels between the human and mouse epithelial hierarchies
The delineated epithelial subsets in human and mouse mammary tissue appear to exhibit highly conserved functions. Although the mouse and human MaSC-enriched populations express high levels of CD49f, there are speciesspecific differences in the expression of cell surface markers. For example, CD24 is a pan-epithelial marker in the mouse mammary gland, but not in human breast tissue where it serves exclusively as a luminal marker Stingl et al. 2006; Raouf et al. 2008; Lim et al. 2009 ). Interestingly, the committed luminal progenitor cells in mice and humans share similar growth factor requirements in vitro, but express differing levels of ERa, such that the human progenitors have substantially higher levels of ERa relative to their murine counterparts (Asselin-Labat et al. 2007; Lim et al. 2009 ). Importantly, though, both the human and mammary MaSC populations lack expression of the steroid hormone receptors. Although the linear relationships between epithelial cells in the mammary gland remain somewhat conjectural, a simple model that accommodates much of the mounting data is presented in Figure 3 . The stem cell gives rise to committed progenitor cells for either the myoepithelial or luminal epithelial lineages (ductal and alveolar sublineages), but the precise number and nature of the intermediates remain elusive. The luminal progenitor subpopulation can commit to either a ductal or alveolar cell fate, dependent on the developmental stage (puberty or pregnancy), but there are likely to be distinct luminal sublineages that include ductal-and alveolarrestricted progenitors. There may be a degree of plasticity built into the luminal lineages, to allow rapid expansion of the epithelium in response to hormonal cues; differentiated alveolar cells could derive from either a common luminal or an alveolar-restricted progenitor cell. A bipotential cellular intermediate and, perhaps, a short-term repopulating MaSC may lie upstream of the lineagerestricted progenitor cells, analogous to that in the hematopoietic compartment.
An alternative model invoking bipotential progenitors for the ductal and alveolar luminal lineages must also be considered. In this model, bifurcation of the ductal and alveolar lineages occurs before luminal versus myoepithelial cell fate decisions. The observation of epithelial outgrowths with either ductal-only or alveolar-only characteristics that contain both luminal and myoepithelial elements following mammary cell transplantation lends support to this model (Smith 1996) . However, there is no evidence for distinct myoepithelial lineages. While alveolar-associated and ductal-associated myoepithelium differ in their size and shape in the mammary gland, these differences likely reflect the number of myofilaments, consistent with those changes occurring in myoepithelial cell shape during involution (Emerman and Vogl 1986) . Moreover, the immediate environment and hormonal status (e.g., estrus cycle phase) conceivably alter the degree of branching or alveologenesis evident following transplantation, and could lead to either ductal-or alveolarrestricted structures arising from a bipotent progenitor cell.
Despite estrogen and progesterone acting as critical mitogens for mammary epithelial cells, the murine and human MaSC-enriched populations have been demonstrated to lack expression of the ERa and PgR (AsselinLabat et al. 2006; Lim et al. 2009 ). Moreover, these MaSCs do not express detectable levels of ErbB2/HER2, reminiscent of the triple-negative receptor phenotype that typifies many basal cancers (Carey et al. 2007 ). In addition, they express high levels of epidermal growth factor receptor (EGFR), cytokeratin 5/6, and the myoepithelial marker p63, all of which are hallmarks of triple-negative basal-like tumors. These data suggested that the MaSC might be the cell of origin for the basal cancer subtype, and that these tumor cells have become independent of the influences of estrogen and progesterone signaling.
A role for estrogen or progesterone in regulating the normal activity of MaSCs cannot be excluded, as estrogen is known to mediate its effects in the adult mammary gland through paracrine signaling (Scully et al. 1997; Mallepell et al. 2006 ). In the ducts of the adult mammary gland, it is well recognized that ERa expression and the cell cycling status tend to be mutually exclusive (Clarke et al. 1997) . Despite no change in the size of the MaSC-enriched population in ovariectomized mice, the repopulating capacity of these cells is impaired, suggesting that MaSCs respond to paracrine signaling by hormones (Asselin-Labat et al. 2006; ML Asselin-Labat, unpubl.). Although the factors that mediate these effects are yet to be established, amphiregulin, an agonist of the EGFR, represents a promising candidate. Amphiregulin is a regulator of mammary epithelial proliferation and ductal elongation, and was found recently to be a direct target of estrogen signaling through its receptor (Ciarloni et al. 2007) .
What is the nature of the MaSC niche?
The maintenance and function of MaSCs are dependent on combinatorial interactions between various epithelial cells and the mammary stroma. Many studies have documented the importance of the mammary stroma in ductal development (for review, see Silberstein 2001) . The different epithelial subtypes can be generated by asymmetric division of the MaSCs in the mammary stroma, even following implantation of a single stem cell. The lack of impact of supporting mammary cells on the capacity of individual MaSCs to generate extensive epithelial outgrowths underscores the importance of tissue-specific signals derived from the parenchymal cells . Recent data have indicated that the mammary gland stroma is instructive and can reprogram stem cells from other organs, such as testicular cells and neural stem cells, to produce progeny committed to a mammary epithelial cell fate (Boulanger et al. 2007; Booth et al. 2008) . Although the nature of the MaSC niche is yet to be defined, macrophages may be one component, as they have an integral role in supporting MaSC function ).
MaSC activity is likely to be subject to both positive and negative stromal signals. Stem cells are thought to be enriched in TEBs of the ductal tree and to distribute at sites from which lateral branches will subsequently emanate. Thus, concurrent with the activation of MaSCs in TEBs, the proliferation of stem cells located along mature ducts must be inhibited to prevent the development of excessive lateral branches during puberty. Interestingly, the inhibitory effects of TGF-b1 on MaSC proliferation appear to be mediated by stromal intermediates (Silberstein et al. 1992; Pierce et al. 1993; Boulanger et al. 2005) .
Detailed histological and ultrastructural analyses have identified specific cell populations in mouse and rat mammary epithelium, including small pale cells located in a basal position with no lumenal contact (Chepko and Smith 1997 ). These cells occur at a frequency of 1%-3% in the epithelium and have been proposed to be MaSCs. Other studies have indicated that stem cells in the mouse mammary gland have a basal location Stingl et al. 2006; Taddei et al. 2008) . Interestingly, multiscale in situ analysis of the mouse mammary gland has shown that large ducts contain a reservoir of very longterm LRCs (Fernandez-Gonzalez et al. 2009 ), while stemlike cells in the human breast have also been proposed to have an asymmetric distribution, primarily restricted to the ducts rather than lobules (Villadsen et al. 2007 ).
Molecular regulators of MaSC activity, lineage commitment, and differentiation
Many transcriptional regulators have been demonstrated to control different aspects of mammary development through the analysis of targeted mice (for review, see Hennighausen and Robinson 2005) . The purification and characterization of discrete mammary epithelial cell subsets provide an indispensable framework for defining regulators of mammary stem and progenitor cell function. Different strategies can be employed to pinpoint where genes are acting along the epithelial hierarchy. These include the separation of mammary epithelial subpopulations from targeted mice or retroviral/lentiviral-mediated transduction of normal epithelial subsets to allow their genetic manipulation ex vivo, prior to transplantation Welm et al. 2008 ). These complementary approaches have proved useful in providing insight into the cellular functions of several genes, summarized in Figure 4 . Although the Wnt pathway almost certainly regulates the normal self-renewal program of MaSCs, the physiological role of this pathway in mammary epithelium has not yet been established.
Transcriptional regulators of MaSCs
In the mouse MaSC compartment, down-regulation of the canonical Notch effector Cbf-1 leads to increased stem cell repopulating activity in vivo and aberrant ductal morphogenesis, providing evidence that this pathway normally plays a role in restricting expansion of the MaSC pool ). It is not clear which Notch member performs this function in vivo, but higher levels of Notch-2 and Notch-3 mRNA are evident in the mouse MaSC pool. Intriguingly, there appear to be differences in the expression of Notch receptors between the analogous mouse and human epithelial subsets, although the functional outcome of Notch activity in a given cell type would be expected to be conserved. Notch-4, for example, is most abundant in the human MaSC-enriched population ), but not its mouse counterpart. It is possible that Notch-4 mediates the enhanced mammosphere-forming capacity of basal cells induced by Notch ligand (Dontu et al. 2004) , but this would differ from findings in the mouse where canonical Notch signaling plays a repressive role. The disparate
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The polycomb group protein Bmi-1 has emerged as a critical regulator of stem cell self-renewal in many tissue types, presumably reflecting its fundamental role as an epigenetic silencer that preserves chromatin patterns and cell identity (Buszczak and Spradling 2006; Sparmann and van Lohuizen 2006) . Similarly, MaSC activity in the developing mammary gland was shown to be dependent on Bmi-1 (Pietersen et al. 2008) , consistent with findings that BMI-1 promotes human mammosphere formation and is overexpressed in breast cancer (Liu et al. 2006 ). In addition, Bmi-1 maintains the proliferation of committed mammary progenitor cells, with precocious alveolar differentiation occurring in Bmi-1-deficient tissues. Interestingly, MaSCs appear to be less dependent on Bmi-1 than hematopoietic stem cells, in which more profound effects on self-renewal were evident.
Hedgehog (Hh) signaling has also been implicated in regulating the self-renewal of stem cells in specific tissues (Molofsky et al. 2004 ). In the mammary gland, however, Hh signaling (via constitutive activation of the smoothened receptor) appears to have an opposing role and leads to diminished MaSC activity (Moraes et al. 2007 ). Instead, the proliferation of committed progenitor cells was enhanced, contributing to ductal dysplasia. Loss of a single copy of the negative regulator of Hh, Patched-1, also augmented mammary progenitor formation by MaSCs , compatible with findings based on mammosphere cultures (Liu et al. 2006) . Interestingly, Hh appears to promote restriction of MaSCs to progenitor cells by mediating differential p63 promoter selection, such that DNp63 and TA-p63 are preferentially expressed in the MaSC and progenitor pools, respectively ).
Regulators of cell fate decisions
Notch signaling plays a key role in binary cell fate decisions in the mammary gland, reminiscent of findings in other cellular compartments (Artavanis-Tsakonas et al. 1999; Chiba 2006) . In both humans and mice, the Notch pathway is important for promoting the commitment of MaSCs to the luminal cell lineage at the expense of the myoepithelial lineage Raouf et al. 2008) . In human breast tissue, transcriptome and functional analyses have indicated that Notch-3 is a primary regulator of luminal cell fate determination, while in the mouse, Notch-1 can orchestrate this function. Indeed, Notch activity was shown to be substantially higher in the mouse luminal epithelial subsets, with notable expression of the active form of Notch-1 and its target genes in luminal cells in vivo. During pregnancy, canonical Notch signaling also plays a role in controlling the balance of lineages within alveoli (Buono et al. 2006) .
Loss of the nuclear protein PML leads to aberrant differentiation of ductal and alveolar structures in the mammary gland, implicating PML in regulating the balance of the two luminal progenitor cell subsets by affecting their proliferation ). PML may therefore influence lineage fate decisions in the mammary gland, but this is yet to be proven. Interestingly, the defect in alveologenesis that accompanies the loss of Stat5a/5b in the mammary gland reflects a role for Stat5a in the establishment or maintenance of luminal progenitor cells, rather than promoting their differentiation (Yamaji et al. 2009 ).
Regulators of luminal cell differentiation
Of the several genes that have been implicated in regulating alveolar morphogenesis, both Gata-3 and Elf-5 have emerged as key regulators of luminal cell differentiation within the epithelial hierarchy. Gata-3 controls differentiation along the ductal and alveolar luminal lineages, with the accumulation of luminal progenitor cells in Gata-3-deficient glands (Asselin-Labat et al. 2007 ). Moreover, introduction of Gata-3 into a stem cell-enriched population induced maturation along the luminal lineage, suggesting that it is a ''master'' regulator of differentiation. The perturbation of the luminal progenitor population in heterozygous mice underscores the importance of the absolute level of Gata-3 in the mammary gland. Of relevance, the level of Gata-3 in luminal breast cancers is a determinant of patient survival, with the highest Figure 4 . Transcriptional regulators and molecular pathways that influence discrete cell types and stages along the mammary epithelial hierarchy. These have been demonstrated to affect MaSC self-renewal, lineage commitment, or luminal differentiation. Plus (+) and minus (À) signs refer to positive or negative effects on self-renewal. expression occurring in the more favorable ''Luminal'' subtypes of breast tumors (Perou et al. 2000; Sorlie et al. 2001; Sotiriou et al. 2003; Voduc et al. 2008) . The higher levels of Gata-3 may drive cells into a more differentiated state, thus conferring a better prognosis. Other genes that interact at a molecular level with Gata-3 to influence differentiation include ERa and its target genes, FOXA1 and TFF1, all of which are abundantly expressed by differentiated luminal cells (Lim et al. 2009 ). Interestingly, Gata-3 can function as a repressor of the CDK inhibitor p18
INK4C
, which in turn has been shown to suppress the development of ERa-positive luminal tumors in the mammary gland by restraining luminal progenitor proliferation (Pei et al. 2009 ). In addition to its apparent role in tumor initiation, Gata-3 can suppress the metastasis of luminal tumor cells (Kouros-Mehr et al. 2008) .
Unlike Gata-3, mammary glands deficient in the ETS transcription factor Elf-5 do not exhibit defects in ductal growth and morphogenesis. During pregnancy, however, a pronounced defect in alveolar morphogenesis is evident in the absence of a single Elf-5 allele (Zhou et al. 2005) . These glands harbor an expanded pool of luminal progenitor cells, whereas Elf-5 overexpression results in precocious alveolar differentiation, even in the virgin state . Elf-5 therefore appears to be a central component of the alveolar switch. This gene could play an earlier role in the hierarchy, as it is a marker of the luminal progenitor population in both human and mouse mammary tissue (Lim et al. 2009 ). Intriguingly, there are distinctive longitudinal cells that span the luminal to basal layer of ducts that are Elf-5 + and ERa À . These columnar cells are reminiscent of c-KIT + progenitor cells evident in the human ductal tree. Only a few luminal cells in the ductal network directly contact the basement membrane, and these may correspond to a specialized type of progenitor cell.
The tumor suppressor BRCA1 has been implicated in a plethora of functions, including the DNA damage response, X-chromosome inactivation, and transcriptional control. In mammary epithelium, conditional deletion of BRCA1 results in impaired alveolar development (Xu et al. 1999) , while knockdown of BRCA1 in primary human breast epithelial cells leads to an increase in ALDH1 + cells and failure of immature luminal cells to differentiate into mature ERa + cells ). Notably, breast tissue from multiple BRCA1 mutation carriers (BRCA1 +/À ) harbors an expanded luminal progenitor population with aberrant growth characteristics (Lim et al. 2009 ). Moreover, parallel observations were made in the case of mouse mammary glands lacking both copies of Brca1, indicating that luminal progenitor function is also affected by loss of both Brca1 alleles. This defect in the luminal lineage is compatible with the higher expression of BRCA1 in the luminal versus basal cell subsets. Indeed, the expansion of ALDH1 + cells observed in BRCA1 mutation carriers could reflect the presence of Aldefluor-positive cells in the luminal progenitor subset. Loss of BRCA1 not only limits the differentiation potential of luminal progenitor cells, but perturbs the differentiation pathway. In BRCA1 mutant preneoplastic tissue, elevated PgR expression and markedly higher levels of cytokeratin 5/6 were noted in the mature luminal subset (Lim et al. 2009 ). The expression of certain basal markers such as cytokeratin 14 in BRCA1 tumors is also consistent with luminal progenitor cells having an altered differentiation program, and the observation that many basal-like tumors express luminalspecific genes (Palacios et al. 2005 ).
The WNT pathway and mammary oncogenesis
Deregulated self-renewal may contribute to preneoplasia in the mammary gland, as inferred by the profoundly enhanced serial transplantability of hyperplastic mammary tissue (Daniel et al. 1968) . The Wnt, Notch, and Hedgehog signaling pathways are conserved among many different adult stem cell types, and their deregulation is linked to oncogenesis (Reya and Clevers 2005) . Of these pathways, there is evidence that inappropriate WNT signaling in the mammary gland can result in deregulated self-renewal. Activation of Wnt-1, originally identified as a frequent site of integration by the mouse mammary tumor virus, seems to target at least two cell types in preneoplastic mammary tissue. MMTV-Wnt1 mammary tissue harbors a substantially increased number of MaSCs and an aberrant population of progenitor cells that have in vivo regenerative activity Vaillant et al. 2008) . The latter progenitor cells from Wnt-1 transgenic glands express high levels of the basal marker cytokeratin 14, suggesting that Wnt-1 hyperactivity may elicit dedifferentiation to a more stem-like state. Previous studies have suggested that the oncogenic effects of Wnt-1 on mammary epithelium are initiated in mammary progenitor cells Liu et al. 2004; Teuliere et al. 2005) , and Wnt-1/b-catenin has also been implicated in mediating the radiation resistance of mouse mammary progenitor cells (Woodward et al. 2007 ). Interestingly, loss of the plant homeodomain protein Pygo2 prevents the formation of hyperplastic outgrowths by Wnt/b-catenin induction, and this epigenetic activator plays a role in controlling the expansion of mammary progenitor cells (Gu et al. 2009 ). In human breast tissue, the Wnt/b-catenin pathway was discovered recently to be activated following pTEN knockdown. Inhibition of AKT activity, up-regulated upon loss of pTEN, was found to be effective in targeting ALDH1
+ tumor-initiating cells (Korkaya et al. 2009 ).
Multiple molecular subtypes of breast cancer
Breast cancer has been stratified into six distinct subtypes on the basis of gene expression profiling. These include the luminal A or B, basal-like, claudin-low, HER2/ERBB2-overexpressing, and normal-breast-like subtypes. The differences in tumor subtypes are hypothesized to reflect different mutation profiles, as well as differences in the cell of origin (Perou et al. 2000; Gusterson et al. 2005) . The longevity of many adult stem cells makes them likely candidates for accumulating genetic mutations. On the other hand, restricted progenitors can serve as targets of oncogenesis. For example, the b-catenin pathway confers self-renewal on granulocyte-macrophage progenitors in chronic myeloid leukemia (Jamieson et al. 2004) .
Most breast cancers, including the common types of invasive ductal and invasive lobular carcinomas, display evidence of luminal cell differentiation. While the luminal A and B subtypes are generally associated with a good prognosis, those tumors that overexpress HER2 (or exhibit amplification) usually display luminal features, but are associated with poor overall survival (Slamon et al. 1987) . The basal-like subtype is very heterogeneous and comprises 15%-20% of breast cancers (for review, see Gusterson 2009 ). This group of tumors is among the most clinically aggressive and tends to exhibit a triple-negative phenotype (i.e., lack expression of ER, PgR, and HER2/ ERBB2). In combination with EGFR and cytokeratin 5/6, these markers provide high specificity in identifying basal-like tumors . Poorly differentiated basal-like adenocarcinomas have also been reported to overexpress embryonic stem cell genes such as NANOG, SOX2, OCT4, and MYC (Ben-Porath et al. 2008) . The claudin-low subtype of receptor-negative cancers expresses low levels of genes involved in tight junctions, cell-cell adhesion, and luminal genes, including potential Gata-3 target genes (Herschkowitz et al. 2007 ). Interestingly, this subclass is also characterized by expression of endothelial and lymphocytic markers and has mesenchymal features. Metaplastic breast cancers, a subtype of the basal-like group that is largely chemoresistant, were reported recently to have a distinct molecular profile that most closely resembles that of the claudin-low subgroup and is enriched for epithelialmesenchymal transition (EMT) signature genes (Hennessy et al. 2009 ). Whether these triple-negative tumors have undergone an EMT in vivo remains to be proven. Notably, the expression of genes including vimentin, smooth muscle actin, slug, and N-cadherin does not necessarily imply that tumor cells have undergone an EMT, since these genes are normally expressed by basal cells in breast tissue. Interestingly, the expression profiles of the metaplastic and claudin-low tumors share similarities with the breast cancer stem cell subset that was identified to have a CD44
+
CD24
À/low phenotype (Al-Hajj et al. 2003) .
Breast cancer subtypes and cellular origins
While the normal epithelial hierarchy serves as a useful framework to understand the cellular origins of the different molecular subtypes of breast cancer, the findings remain correlative until formally proven by assessing tumorigenic capacity. It is possible that the different cell populations may exhibit differentiation plasticity during tumor progression, and that the molecular signatures of the different tumor subtypes might not necessarily reflect the properties of the cell of origin. Lineage tracing or clonality studies will ultimately be required to prove the cellular target of transformation for a specific cancer type, analogous to the elegant lineage tracing experiments described recently (Barker et al. 2009 ). In this study, colon crypt stem cells were shown to be the cell of origin for neoplasia associated with loss of APC.
Reclassification of basal-like tumors as 'luminal progenitor' tumors?
The recent derivation of specific gene signatures for human MaSC-enriched, luminal progenitor, mature luminal, and stromal populations has provided insight into potential target cells for the different breast tumor subtypes (Fig. 5) . It seems important to profile uncultured cells, as differences have been observed between the gene expression portraits of freshly sorted cells (Lim et al. 2009 ) versus those passaged for a short time . Interrogation of the breast cancer subtype gene sets with the different mammary epithelial signatures unexpectedly revealed that the basal-like group shares a striking similarity with the luminal progenitor gene signature. This finding has profound implications for the basal subtype of cancer, as the stem cell has been presumed to be the cell of origin for these breast cancers. The marked similarity in molecular signatures suggests that luminal progenitor subtype is a more apt description than ''basal-like'' subtype.
Conversely, the gene signature of the MaSC subset had the greatest overlap with the claudin-low and normal breast-like subtypes. The latter association may reflect a combination of mesenchymal and basal components in these two tumor types, although the nature of the normal breast-like subtype is not entirely clear. The gene signature of human breast stroma, devoid of ductal epithelium, was most highly enriched in the claudin-low subtype, almost certainly reflecting the mesenchymal features in the heterogeneous claudin-low subtype. As predicted, the signature of differentiated luminal cells in breast tissue showed a profound similarity with that of the luminal A and B subtypes. Given that the majority (70%) of breast cancers is ERa + , many of these may arise from progenitors within the luminal sublineages, although limited differentiation of ERa À cells to generate ERa + cells cannot be excluded. The HER2 subgroup of tumors has no clear association with the normal epithelial cell types identified thus far, but presumably derives from a cell with a luminal predisposition. Importantly, MMTV-erbB2/neu mouse mammary tumors were highly enriched for committed luminal progenitor cells , indicating that this mouse strain does not accurately recapitulate HER2-overexpressing cancers arising in women.
Aberrant luminal progenitors as the cellular target in BRCA1 mutation carriers BRCA1-associated breast tumors have a distinctive pathology and usually express markers of the basal subtype (Foulkes 2004; Turner et al. 2004 ). However, no alterations in the growth properties of the basal MaSCenriched subset were evident in preneoplastic tissue from BRCA1 carriers: The size of the MaSC-enriched population was markedly diminished and Brca1-deficient mouse mammary glands contained fewer functional stem cells (Lim et al. 2009 ). Rather, a perturbed luminal progenitor population was evident. Together with the significant molecular links that exist between the gene expression profiles of the normal luminal progenitor, the basal subtype of cancer, and preneoplastic tissue from BRCA1 carriers, these findings indicate that the luminal progenitor is a likely target of transformation in BRCA1 mutation carriers (Fig. 5) .
It is pertinent that a substantial proportion of human luminal progenitor cells lack expression of ERa, but do express cytokeratin 5/6-both features of the basal-like subtype of breast tumors. However, ERa is expressed on about one-third of luminal progenitor cells; furthermore, not all BRCA1 tumors are negative for ERa, with up to 30% expressing variable levels of this receptor (Lakhani et al. 2005 ). Thus, ERa may directly mediate the partial efficacy provided by prophylactic ovariectomy in the prevention of basal breast tumors in BRCA1 mutation carriers (Kauff et al. 2008) , and possibly in tamoxifen chemoprophylaxis (Narod 2006) .
Why are breast epithelial cells more susceptible to loss of function of BRCA1 than other cell types? This may reflect the repeated cycles of estrogen-driven cell proliferation occurring in women, together with the critical roles of BRCA1 in regulating cellular differentiation and the DNA damage response (for review, see Venkitaraman 2002; Narod and Foulkes 2004) . The higher degree of genomic instability found in BRCA1 tumors provides evidence in support of this notion. In rapidly dividing luminal progenitor cells, the loss of a single BRCA1 allele may generate a pool of genetically unstable cells. In BRCA1-associated tumors, p53 mutations are common and may lead to increased survival and subsequent expansion of BRCA1-deficient cells. It is noteworthy that deletion of both BRCA1 and p53 in mouse models leads to highly proliferative mammary tumors that are ERaand PgR-negative and that express basal epithelial markers, thus recapitulating tumors that arise in BRCA1 mutation carriers ).
Luminal progenitors as targets in other breast tumors
The Notch pathway plays a central role in breast oncogenesis. Indeed, both Notch-1 and Notch-4 were identified as frequent sites of proviral insertional activation in mouse mammary tumors, and overexpression of Notch-1 or Jagged-1 is often observed in breast tumors (Stylianou et al. 2006) . Interestingly, high Notch-1 levels have been found in basal (i.e., luminal progenitor) breast cancers, and this correlates with a decrease in patient survival . Moreover, constitutive Notch signaling in the mouse mammary gland was found to specifically target luminal-restricted progenitor cells for expansion and selfrenewal (an activity normally restricted to MaSCs), leading to hyperplasia and eventual tumorigenesis. These data implicate the luminal progenitor as a potential cell of origin for tumors in which the Notch pathway has been activated inappropriately .
Concluding remarks
The definition and isolation of functionally distinct epithelial subsets from the mammary gland at increasing purities will pave the way for elucidating new cellular intermediates and molecular pathways that regulate the self-renewal and progressive differentiation of stem and progenitor cells. The refined populations should allow fundamental issues to be addressed, such as where the MaSC is localized in situ, whether there is a quiescent MaSC pool, and what signals mediate cross-talk between specific epithelial cells and the stroma. Multiplex genome-wide RNAi screening in primary mammary epithelial subsets ex vivo may prove useful in illuminating key regulators of proliferation and survival. In this context, it would be valuable to have improved cellular assays for stem cell activity. Although human mammospheres can be cultured in a clonal manner (Dontu et al. 2003) , MaSC versus progenitor cell activities are not always clearly distinguishable, and this assay has not yet been demonstrated to enrich for stem cells on serial passage.
The hierarchy also provides an essential framework for understanding potential cells of origin in breast cancer. The unexpected molecular similarities between the luminal progenitor cell and basal-like cancers have suggested that the luminal progenitor cell is a potential target for carcinogenesis rather than the ''basal'' stem cell. Further delineation of novel luminal precursors may reveal the cellular target for the HER2 subtype. Future lineage tracing studies to prove the cell of origin will require gene promoters that enable cre-mediated excision in a specific mammary epithelial population, but at present this remains a challenge. In a complementary approach, lentivirus-mediated tagging of individual cells has the potential to reveal those cells predisposed to carcinogenesis, provided clonal expansion of the transduced cells does not occur (Kustikova et al. 2005) . The next generation of experiments is likely to define key oncogenic events occurring in the different cells of origin for the distinct tumor subtypes, and to further address the heterogeneity evident within basal tumors.
Establishing relationships between tumor subtypes and normal epithelial subsets has profound implications for the development of clinically useful diagnostic and prognostic markers, as well as targeted therapies. Candidate targets derived from the luminal progenitor signature such as C-KIT need to be evaluated for their ability to eradicate or modulate the altered luminal progenitor subset in BRCA1-associated and other basal cancers (Lim et al. 2009 ). These inhibitors could be used alone or in combination with agents such as PARP inhibitors (Fong et al. 2009 ) to specifically target the basal group of tumors for which few noncytotoxic-based therapies currently exist.
